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Executive Summary 

In 1999, the U. S. Department of Energy installed an in-situ permeable reactive barrier (PRB) 
containing zero-valent iron (ZVI) downgradient of the former uranium milling site near 
Monticello, Utah. Soil-bentonite slurry walls are used to direct ground water to the PRB. The 
slurry walls extend south and north of the PRB and were designed to extend from the PRB to the 
valley walls; thus, directing the entire alluvial ground water system to the PRB. Unfortunately, 
some contaminated ground water is flowing around the south slurry wall. This project 
investigated methods that might be used to mend the gap on the south end of the slurry wall. 
Although not required as part of the Record of Decision, DOE is considering these alternatives 
that might be capable of supplementing the existing ground water remedial actions at the site.  
 
An engineering cost evaluation was completed for seven mending alternative technologies: 
(1) ground water extraction and treatment at the PRB, (2) placing ZVI in borings, (3) placing 
ZVI in borings using removable canisters, (4) jet grouting ZVI , (5) ferric iron injections, 
(6) ferrous iron injections, and (7) dithionite injections. The net present values of the seven 
alternatives range from $71,877 to $137,000. The costs are somewhat similar and we conclude 
that selecting an alternative should focus on factors such as land use and likelihood of success 
rather than cost. 
 
All of the technologies evaluated, except ferrous iron injection, had been bench-scale tested prior 
to this investigation. To fill the data gap, this project conducted batch and column tests of ferrous 
iron injection. Batch tests confirmed that ferrous iron minerals are capable of sorbing uranium 
from ground water. Ferrous hydroxide minerals were effective in sorbing uranium with 
distribution ratios up to 19,528 mL/g. 
 
Three column tests were conducted with ferrous iron. In one column test, ferrous iron minerals 
precipitated from dissolved ferrous sulfate contacting hydrated lime, but did not precipitate upon 
contact with calcite. In another column test, ferrous iron minerals precipitated from dissolved 
ferrous sulfate contacting a commercial bentonite clay that we pretreated with sodium hydroxide. 
The goal of the pretreatment was to saturate adsorption sites with hydroxyl ions. In a third test, 
ferrous iron was emplaced in a column containing alluvial sediment collected from the 
Monticello site that had been pretreated with hydroxyl ions. The column treated with ferrous iron 
was able to sorb uranium and molybdenum from a solution with ionic composition similar to 
ground water at the Monticello site. A potential issue with ferrous iron injection is that it is 
highly soluble and may travel long distances before precipitating. 
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1.0 Introduction 

A permeable reactive barrier (PRB) is a zone of chemically-reactive material placed in the flow 
path of contaminated ground water such that contaminants are stabilized or degraded as ground 
water moves through the zone. An in-situ PRB containing zero-valent iron (ZVI) was installed 
downgradient of the Monticello site in 1999; it is a funnel and gate system with a three zone 
PRB. The furthest upgradient zone (the “pretreatment” zone) has 13 percent ZVI by volume 
mixed with pea gravel. Just downgradient from the “pretreatment zone” is a zone of 100 percent 
ZVI followed by the third zone containing 100 percent gravel and an air sparging unit.  
 
Contaminated ground water flows through alluvium in the mid-portion of an erosional valley. 
The alluvium is underlain by low-permeability bedrock composed of siltstone and shale. The 
PRB is keyed into the bedrock to prevent ground water from underflowing the reactive material. 
Soil-bentonite slurry walls are used to direct ground water to the PRB and are also keyed into the 
bedrock. The slurry walls extend south and north of the PRB, and were designed to extend from 
the PRB to the valley walls; thus, directing the entire alluvial ground water system to the PRB. 
Unfortunately, despite the effort to key the slurry wall into the low permeability bedrock at the 
valley wall, some contaminated ground water is flowing around the south slurry wall. This 
project investigated methods that might be used to mend the gap on the south end of the slurry 
wall. Information from the investigation would be applicable to other PRB sites. 
 
Seven alternatives were proposed for consideration in mending the PRB: 
 

1. Ground water extraction and treatment at the PRB 

2. Place ZVI in borings 

3. Place ZVI in borings using removable canisters 

4. Jet grouting of ZVI 

5. Ferric iron injections 

6. Ferrous iron (Fe2+) injections 

7. Dithionite injections 
 
The use of ZVI for treating uranium (U) is well documented and requires no additional bench-
scale testing (Naftz et al. 2002). Jet grouting and bore hole fill methods of emplacement have 
been implemented at other sites and information is sufficient to establish a reasonable 
conceptual-scale cost estimate for these emplacements (Rumar and Mitchell 1995). Injection of 
ferric iron has been tested at bench scale and design parameters can be estimated without 
additional bench-scale testing (Morrison et al. 1996). Dithionite injection has been used at field 
scale to stabilize chromium contamination in ground water (Vermeul et al. 2002). Limited bench 
and field scale experience indicates that ferrous iron (Fe2+) will immobilize chromium, but no 
comparable data are available for U. Therefore, the bench-scale efforts in this study focus on 
evaluating Fe2+ to stabilize U.  
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2.0 Costs of Mending Alternatives 

 
The following assumptions are made for all alternatives: 
 

1. A ground water flux of 1 gpm is bypassing the slurry wall on the south; U concentration 
is 1 mg/L. 

2. The mending remedy will need to function for 10 years. Thus, about 5.3 M gal of ground 
water need to be treated (~ 20 M liters). This corresponds to removal of about 20 M mg 
of U (equivalent to 20 kg or 44 lbs). Equivalent to 84 mol of U. 

3. Depth to bedrock is 35 ft, 2 ft of saturation overlies bedrock, and the width of the bypass 
zone is 40 ft (DOE 2004) 

4. Dissolved oxygen (DO) concentration of the ground water to be treated is 2.5 mg/L based 
on analyses from well PW-17. 

 
Alternatives for mending the PRB are summarized in Table 1. The cost basis for the estimates is 
provided in the following sections. No monitoring wells are included in the cost analysis; it is 
assumed that the monitoring needs are the same for all alternatives. Costs include only direct 
subcontractor costs and labor for technical staff; additional costs for permitting, access, health 
and safety coverage, etc., are not included. Details of the cost estimates are provided in 
Appendix A. 
 

Table 1. Summary of Mending Options 
 

Alternative Net Present Value Alternative Description 
1 $72,393 Ground water extraction and treatment at the PRB 
2 $90,313 Place ZVI in borings 
3 $77,678 Place ZVI in borings using removable canisters 
4 $137,000 Jet grouting of ZVI 
5 $96,764 Ferric iron injections 
6 $71,877 Ferrous iron injections 
7 $84,430 Dithionite injections 

 
 
This type of analysis involves many assumptions and the actual costs may vary considerably if 
the assumptions are inaccurate. Other than Alternative 4 (jet grouting), net present values for the 
alternatives are similar. Thus, the choice of alternative should be based more on a skilled 
assessment of technical feasibility and likelihood for success, rather than implementation costs. 
 
2.1 Alternative 1: Ground Water Extraction and Treatment at the PRB 
 
This alternative is discussed in the Focused Feasibility Study (DOE 2004). Three extraction 
wells are placed in the bypass zone and extracted water is pumped into wells of the PRB. The net 
present value of this option is $72,393. 
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2.2 Alternative 2: Place ZVI in Borings 
 
This alternative assumes that an array of 20 borings will be used. ZVI will be added to the 
borings through auger flights. Thickness of the ZVI is 10 ft. The net present value of this 
alternative is $90,313. 
 
2.3 Alternative 3: Place ZVI in Borings Using Removable Canisters 
 
The costs of removable cartridges are based on a simple system involving placement of slotted 
PVC casings filled with ZVI within an outer casing. No attempt is made to assure continuity of 
the PRB, as is the case for Alternative 2.  
 
More elaborate design concepts are presented by MSE (1997). At the time of the MSE report, no 
sites were using replaceable media and to our knowledge this is still the case. The authors of 
MSE (1997) believe significant issues would have to be overcome prior to commercialization of 
removable canister PRBs including: (1) fabrication methods, (2) size/weight restrictions, and 
(3) leaking surface seals.  
 
We assume $20K for design and fabrication of 10 canisters. We assume that the canisters will be 
changed out once during the 10 year period. Using these assumptions, the mass of ZVI and 
longevity are similar to the 20 borings used in Alternative 2. The net present value of this 
alternative is $77,678. 
 
2.4 Alternative 4: Jet Grouting 
 
Jet grouting involves a substantial amount of heavy equipment. Mobilization and demobilization 
costs for a jet grouting demonstration at Cape Canaveral Air Station in 1999 was $75K (Rust 
Environmental 1999). Mobilization costs for a jet-grouting demonstration at Travis Air Force 
Base in 2002 was similar (MACTEC 2002). It is assumed that smaller equipment can be located 
for the Monticello work because it is shallower in depth than these other projects; thus, 
mob/demob costs for Monticello are estimated at $20K.  
 
Based on the Travis AFB project that injected on 5-ft centers, 8 injection points are required to 
span the 40 ft width at Monticello. It is assumed that ZVI would be grouted in “thin diaphragm” 
style rather than “columnar” style due to the relatively small amount of ZVI required. For “thin 
diaphragms”, grouting jets are opposed 180 degrees and the jetting pipe is not rotated as it 
grouts. This method leaves a thin slab of ZVI perpendicular to ground water flow. The net 
present value of this alternative is $137,000. 
 
2.5 Alternative 5: Ferric Iron Injections 
 
Morrison et al. (1996) presented data on sorption of U by amorphous ferric oxyhydroxide (AFO). 
The study reported that about 0.024 kg of U are sorbed to 1 kg of Fe (as AFO). To remove 20 kg 
of U during the PRB mending period, about 850 kg of Fe (~2,500 kg of FeCl3; 5,500 lbs; 
2.8 tons) are required. The cost of ferric chloride delivered in liquid form is about $500/ton 
($2.50/lb) of FeCl3. The net present value of this alternative is $96,764. 
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2.6 Alternative 6: Ferrous Iron Injections 
 
Costing for this alternative assumes that Fe2+ will precipitate in the formation without the 
addition of hydroxide. The cost of dissolved ferrous sulfate delivered to Amarillo Texas was 
$0.67 per pound of Fe, based on a quote from Kemiron Co., January 2004. Costing for 
Monticello assumed a delivered price of $0.90 per lb of Fe. 
 
We need to treat 20 M liters of ground water. Dissolved oxygen concentration in well PW-17 is 
about 2.5 mg/L; in 20 M liters of ground water, there is 1562 mol of DO (20 M L * 2.5 mg/L * 
1/32,000 mol/mg). Each mol of DO oxidizes 4 mol of Fe so the ground water contains enough 
O2 to oxidize 6248 mol (1562 *4) of Fe2+. This is equivalent to 350 kg (770 lbs of Fe). The 
amount of Fe2+ required to reduce the DO is 350 kg (770 lbs). 
 
To reduce the U we assume a simple reaction: 
 
UO2

2+ + 2 Fe2+ (solid) = UO2(solid) + 2Fe3+ (solid) 
 
Thus, 2 mols of Fe is required to reduce 1 mol of U. To reduce 84 mols of U requires 168 mols 
of Fe2+. 168 mols of Fe2+ is equivalent to 9.4 kg (21 lbs) of Fe2+. Thus, we need a total of 791 lbs 
(770 + 21) of Fe2+ to treat 20 M gal of ground water. The net present value of this alternative is 
$71,877. 
 
2.7 Alternative 7: Dithionite Injections 
 
Dithionite reacts with indigenous ferric iron to form Fe2+ which is then available to reduce U: 
 
S2O4

2- (aq) + 2 Fe3+ (s) + 2 H2O = 2 SO3
2- + 2 Fe2+ (s) + 4 H+ 

 
Thus, 1 mol of dithionite ion produces 2 mol of Fe2+. We require 791 mols of Fe2+ (see 
Section 6.0); thus, about 400 mol of S2O4

2- are required. assuming 100 % efficiency. This is 
equivalent to 69 kg (152 lbs) of Na2S2O4. Because the reduction process is inefficient, we will 
assume 300 lbs of Na2S2O4 are required. 
 
Sodium dithionite mixed with potassium carbonate is available at $22,700 for 4300 lbs of 
Na2S2O4 and 10,000 lbs of K2CO3 (in a volume of 4250 gal); based on a January 2004 price 
quote from John Anderson delivered to Amarillo, Texas. Cost per lb of contained Na2S2O4 
solution is $5.28. This mixture was used by Pacific Northwest National Laboratory personnel for 
injections at the Hanford site and at other sites (Isaacs 2004). The purpose of the higher-cost 
potassium buffer is to ensure that pH remains high without causing significant deleterious impact 
to the clay minerals in the formation. Chemical in liquid form is delivered to the site in 
refrigerated trucks. The cost estimate assumes that dithionite is left in the ground and no 
extraction is needed. The estimate also assumes that there is sufficient reducible iron in the 
formation at Monticello to be chemically reduced by the injected dithionite.  
 
Process monitoring costs are included, consisting of taking measurements during the injection 
and within a few days of the injection to help establish the effects of the installation. 
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Measurements include water levels, pH, oxidation reduction potential (ORP), conductivity, 
sulfate concentration, and iron concentration. The net present value of this alternative is $84,430. 
 
 

3.0 Bench-Scale Testing of a Mending Methodology Using 
Injection of Ferrous Iron  

 
One alternative for mending the Monticello PRB is to inject Fe2+ into the subsurface. The goal of 
this remediation technology is to emplace immobile ferrous hydroxide minerals that are capable 
of sorbing or chemically reducing U from the ground water. The objective of the bench-scale 
testing was to evaluate the feasibility of various methods that might be used to emplace ferrous 
hydroxide into the subsurface.  
 
Testing was conducted in four steps. First, batch tests were conducted to evaluate whether Fe2+ 
minerals are capable of sorbing U. Second, column tests were used to evaluate whether Fe2+ 
minerals could be emplaced by injection of dissolved Fe2+ into sediment containing carbonate or 
hydroxide minerals. These tests were conducted with “ideal” solid materials such as calcium 
(Ca) carbonate and Ca(OH)2. The rationale for using “ideal’ solids is to determine if Fe2+ 
emplacement is possible under the best possible conditions before attempting emplacement in the 
more heterogeneous conditions of the subsurface environment. Third, column tests were 
conducted to evaluate if a pre-injection of sodium hydroxide into a clay-bearing formation could 
condition the formation so that an injection of dissolved Fe2+ would successfully emplace ferrous 
hydroxide. Lastly, core samples from the Monticello site were used in a column test to evaluate 
the emplacement methodology and the efficiency of U and Mo uptake by the treated soil. 
 
3.1 Batch Tests of Uranium Uptake by Ferrous Iron 
 
Batch tests were conducted to determine if minerals, precipitated from dissolved Fe2+ are capable 
of sorbing U from ground water. A 0.1 M ferrous sulfate solution was prepared and 0.5 mL of 
concentrated sulfuric acid was added to ensure complete dissolution. The pH value and oxidation 
reduction potential (ORP) of the ferrous sulfate solution were 2.21 and 312 mV, respectively. 
Sodium hydroxide (NaOH) was added to the ferrous sulfate solution. The pH value increased to 
7.58 and the ORP decreased to –624 mV as NaOH was added. A dark green precipitate 
(probably ferrous hydroxide) formed. The precipitate was concentrated into a suspension 
containing about 112 mg Fe per mL by centrifuging and decanting. Aliquots of ferrous 
hydroxide suspension were combined with U carbonate solution (2 mg/L U, 350 mg/L NaHCO3, 
bubbled with helium gas to deoxygenate) and agitated end-over-end for 2 hours.  
 
Some of the mixtures, particularly those with small amounts of ferrous hydroxide, turned 
red orange indicating they had oxidized due to leakage of laboratory air. Results are shown in 
Table 2. The ferrous hydroxide precipitant was effective in sorbing U with distribution ratios 
(Rd) up to 19,528 mL/g. A reactive material with an Rd of about 1,000 mL/g is believed to 
suitable for some PRB applications. Therefore, column testing was initiated. 
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Table 2. Results of batch tests of uranium uptake by suspensions of ferrous hydroxide 
 

Sample 
Number 

Suspension 
Volume 

(mL) 
Final pH Final ORP 

(mV) 
Final U 
(µg/L) 

Sorbed U 
(µg U/ mg Fe) 

Rd
a 

(mL/g) 

1 0 8.20 46 1858 na na 
2 0.25 7.00 56 717.6 1.62 1,407 
3 0.5 6.72 58 126.6 1.24 6,073 
4 1.0 6.20 56 20.9 0.66 19,528 
5 1.5 5.51 58 31.4 0.43 8,613 
6 2.0 4.80 59 118.4 0.31 1,627 
7 2.5 5.81 <20 19.9 0.13 4,100 

aRd = Distribution ratio. Calculated as the concentration in solid phase [based on Fe(OH)2]  
divided by concentration in dissolved phase. 

 
 
3.2 Column Test 1: Ferrous Iron Emplacement into a Column Containing 

Calcium Carbonate and Lime 
 
Column test 1 evaluated the feasibility of precipitating ferrous hydroxide minerals from 
dissolved ferrous sulfate contacting calcite (CaCO3) or hydrated lime [Ca(OH)2]. We 
hypothesized that ferrous hydroxide would precipitate because of an increase in the pH values 
from contact with CaCO3 or Ca(OH)2. Calcite is present in many subsurface sediments, 
including Monticello, and Ca(OH)2 could be emplaced by injection.  
 
3.2.1 Experimental Methods 

A column (1.5-in. diameter, 18-in. long clear acrylic) was packed with 5 zones of different 
materials. From bottom to top, the materials are: (1) 4.0 in. of sand, mass 317.0 g, (2) 3.4 in. of 
sand mixed with 4.7 weight percent powdered calcite, total mass 281.9 g, (3) 4.0 in. of sand, 
mass 323.1 g, (4) 3.9 in. of sand mixed with 5 weight percent Ca(OH)2, total mass 285.4 g, and 
(5) 2.5 in. of sand, mass 145.2 g. The sand is mostly quartz with some feldspar and was obtained 
from Unimin Corp. (product number 2075). Calcite and Ca(OH)2 are powdered and were 
obtained from Aldrich Chemicals; product numbers 23-921-6 and 23-923-2, respectively. The 
filled column prior to conducting the test is shown in Figure 1. 
 
The column and tubing was purged with nitrogen gas (N2) to remove residual oxygen. A 0.1 M 
ferrous sulfate solution was passed through the column at 10 mL/min. About 0.5 mL of 
concentrated sulfuric acid was added to each liter of ferrous sulfate solution to ensure complete 
dissolution. The ferrous sulfate solution was continually purged with N2 gas. Values of pH and 
ORP were measured with inline probes at the inlet and outlet of the column; these data were 
recorded every 30 seconds with a datalogger. Effluent samples were collected in glass test tubes 
on a fraction collector. The collection tubes contained nitric acid as a preservative. The samples 
were analyzed for Ca and Fe by atomic absorption spectroscopy [ESL Procedures AP(Fe-1) and 
AP(Ca-1); DOE 2005]. 
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Figure 1. Column Test 1. Experimental apparatus filled with solid phases. 
 
 
After the test was completed, the solid materials in the column were sampled. A composite 
sample was collected from each of the layers. The samples were digested in concentrated nitric 
acid in a microwave oven [ESL Procedure SE(MD-1); DOE 2005]. and analyzed for Ca and Fe 
by atomic absorption. 
 
3.2.2 Results and Discussion 

About 3.3 pore volumes (1.4 L) of ferrous sulfate solution was passed through the column. The 
acidic ferrous sulfate solution reacted with CaCO3 and Ca(OH)2 as it passed through the column. 
The influent values of pH and ORP were about 2.3 and 277 mV, respectively (Figure 2). Initial 
effluent values of pH were about 7.8 and the values decreased gradually to about 6.8 during the 
test. The effluent solution was strongly reducing as indicated by an ORP of about –400 mV 
(values may have been lower because -400 mV is the lowest value that could be read with the 
probes used in this test).  
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Figure 2. Column Test 1: Values of pH and ORP. 

 
 
Calcium was dissolved and Fe was precipitated as the ferrous sulfate solution reacted with 
CaCO3 and Ca(OH)2. Effluent concentrations of Fe were less than the influent value 
(5,600 mg/L) until about 1.5 pore volumes of effluent (Figure 3). Subsequently, the 
concentrations of Fe were slightly higher than the influent values indicating that some Fe was 
being removed from the column. Green particles were observed at the column outlet indicating 
that some Fe was removed in particulate form. Nearly 1,000 mg of Fe had accumulated in the 
column prior to Fe being released (Figure 3). In a field application, this particulate Fe would 
probably be available for contaminant uptake. 
 
Analysis of the column solid materials after the Fe2+ injection also indicates that Fe accumulated 
in the column. Dark green bands formed in the Ca(OH)2 layer indicate the presence of ferrous 
hydroxide mineralization (Figure 4). The Fe concentration in the Ca(OH)2/sand layer was 
5,540 mg/kg compared to 1,290 mg/kg in the sand alone. The elevated pH caused by the 
Ca(OH)2 caused the ferrous hydroxide to precipitate. Apparently, the pH increase in the 
CaCO3/sand layer was insufficient to cause ferrous hydroxide precipitation as indicated by the 
lack of dark green color and low (1,430 mg/kg) Fe concentration (Figure 4).  
 
These results suggest that a pH amendment, such as Ca(OH)2, may be required to cause ferrous 
hydroxide precipitation in a field application. This result prompted the design of column test 2 
(see next section) which used sodium hydroxide to condition clay minerals prior to application of 
dissolved Fe2+. 
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Figure 3. Column Test 1: Effluent concentrations of Fe and Ca, and inventory of Fe accumulated in the 
column. Influent concentrations of Fe and Ca are 5,600 and 0.0 mg/L, respectively. 

 
 
3.3 Column Test 2: Ferrous Iron Emplacement into a Column Containing 

Bentonite Pretreated with Sodium Hydroxide 
 
Column Test 2 evaluated the feasibility of precipitating ferrous hydroxide minerals from 
dissolved ferrous sulfate contacting bentonite clay that had been pretreated with sodium 
hydroxide. The goal of the pretreatment was to saturate adsorption sites with hydroxyl ions. 
Ferrous hydroxide precipitation is caused by interaction with the hydroxylated sites. In a field 
application, the subsurface would be saturated with hydroxide prior to injection of dissolved 
ferrous ions.  
 
3.3.1 Experimental Methods 

A column (1.5-in. diameter, 18-in. long, clear acrylic) was packed with 5 zones of different 
materials. From bottom to top, the materials are: (1) 2.5 in. of sand, mass 211.4 g, (2) 2.4 in. of 
sand mixed with 5.2 weight percent calcite, total mass 236.6 g, (3) 2.8 in. of sand, mass 212.6 g, 
(4) 5.0 in. of sand mixed with 9.2 weight percent bentonite, total mass 392.6 g, and (5) 4.8 in. of 
sand, mass 350.0 g. The sand is mostly quartz with some feldspar and was obtained from Unimin 
Corp. (product number 2075). The calcite is powdered and was obtained from Aldrich 
Chemicals; product number 23-921-6. The bentonite is “crumbles # 8” from Colloid 
Environmental Technologies, Co. (Arlington Heights, Illinois).  
 
The column and tubing was purged with N2 to remove residual oxygen. Three solutions were 
passed through the column: (in chronologic order) (1) 1.0 N NaOH, (2) deionized water, and 
(3) 0.1 M ferrous sulfate. About 0.5 mL of concentrated sulfuric acid was added to each liter of 
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ferrous sulfate solution to ensure complete dissolution. The ferrous sulfate solution was purged 
with N2 to remove DO. Values of pH and ORP were measured with inline probes at the inlet and 
outlet of the column; these data were recorded every 30 seconds with a datalogger. Effluent 
samples were collected in glass test tubes on a fraction collector. The samples were analyzed for 
Ca and Fe by atomic absorption. Porosity of the column (420 mL) was determined by measuring 
the volume of water during filling. 
 
After the test was completed, the solid materials in the column were sampled. A composite 
sample was collected from each layer. The samples were digested in concentrated nitric acid in a 
microwave oven and analyzed for Ca and Fe by atomic absorption spectroscopy. 
 

 
 

Figure 4. Column Test 1: Photo of column after reaction with ferrous sulfate solution. Numbers in 
parentheses are (Fe; Ca) solid-phase concentrations in mg/kg. 
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3.3.2 Results and Discussion 

A 1.0 N NaOH solution was passed through the column from 0.0 to 4.0 pore volumes to 
condition the sediment at high pH. Effluent pH values reflect the high pH environment  
(Figure 5). Deionized water was then passed through from 3.8 to 4.2 pore volumes. The purpose 
of the deionized water was to flush the tubing to prevent ferrous hydroxide from precipitating in 
the tubing during the ferrous sulfate injection. The inlet pH value decreased slightly due to the 
deionized water. A 0.1 M ferrous sulfate solution was then passed through from 4.2 pore 
volumes until termination of the test at 6.5 pore volumes. The effluent pH and ORP values 
decreased to about 6 and –400 mV, respectively, due to the ferrous sulfate injection (Figure 5).  
 
 

 
 

Figure 5. Column Test 2. Values of pH and ORP. The influent index indicates the composition of the 
influent solution for that period of the test column (1 = 1N NaOH, 2 = deionized water, 3 = ferrous sulfate 

solution). 
 
 
The Fe inventory in the column increased by about 1000 mg because of the injection of Fe2+ 
(Figure 6). Dissolved Ca concentrations increased to about 500 mg/L, probably due to 
dissolution of calcite. These results indicate that the process of treating with NaOH followed by 
ferrous sulfate is capable of precipitating ferrous minerals in the sediment.  
 
Following the column test, sediment samples from the column were analyzed for Fe. The highest 
Fe concentration of 3310 mg/kg was found in the bentonite/sand layer (Figure 7). This result 
suggests that Fe mineralization occurred in proximity to hydroxylated bentonite. The results 
prompted us to conduct a column test using sediment collected from the aquifer at Monticello. 
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Figure 6. Column Test 2. Effluent concentrations of Ca and Fe, and Fe inventory for the ferrous sulfate 
injection period. Refer to Figure 5 for explanation of influent index. 

 
 
3.4 Column Test 3: Ferrous Iron Emplacement into a Column Containing 

Monticello Alluvial Sediment 
 
Column Test 3 evaluated the feasibility of precipitating ferrous hydroxide minerals from 
dissolved ferrous sulfate contacting Monticello alluvium that had been pretreated with sodium 
hydroxide. As before, the goal of the pretreatment was to create an alkaline environment by 
saturating adsorption sites with hydroxyl ions. Ferrous hydroxide precipitation is caused by 
contact with the hydroxylated sites. In a field application, the subsurface would be saturated with 
hydroxide prior to injection of dissolved ferrous ions.  
 
3.4.1 Experimental Methods 

A column (1.5-in. diameter, 18-in. long, clear acrylic) was packed with 1389 g of a sample of 
Monticello alluvium (Figure 8). A second column (control column) was packed with 1396 g of 
the same sample. The alluvium sample is a composite of core samples that were collected at 5 
locations near the Monticello PRB. Two of the cores were collected about 20 ft from well PW-17 
(south end of south funnel wall) and the other three locations were about 20 ft upgradient of the 
PRB near its center. The core material was air dried and sieved to less than 2 mm for use in the 
columns. 
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Figure 7. Column Test 2. Column appearance after Fe2+ injection. Numbers in parentheses are (Fe; Ca) 

solid-phase concentrations in mg/kg. 
 
 
The experimental methods used for the test column and the control column were identical except 
for the solutions used. Four solutions were passed through the test column: (in chronologic 
order) (1) 1.0 N NaOH, (2) synthetic PW-17 ground water without U or Mo, (3) 0.1 M ferrous 
sulfate, and (4) synthetic PW-17 ground water with 1 mg/L each of U and Mo. The composition 
of synthetic PW-17 water is provided in Table 3. The only solution passed through the control 
column was synthetic PW-17 with 1 mg/L each of U and Mo. The columns and tubing were 
purged with N2 to remove residual oxygen. About 0.5 mL of concentrated sulfuric acid was 
added to each liter of ferrous sulfate solution to ensure complete dissolution. The ferrous sulfate 
solution was continuously purged with N2 to remove DO. Values of pH and ORP were measured 
with inline probes at the inlet and outlet of the column; these data were recorded every 30 
seconds with a datalogger. Effluent samples were collected in glass test tubes on a fraction 
collector. The samples were analyzed for Fe by atomic absorption spectroscopy, for U by kinetic 
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phosphorescence analysis [ESL Procedure AP(U-2); DOE 2005], and for Mo by the ternary 
complex method [ESL Procedure AP(Mo-3); DOE 2005]. Porosity of the columns (420 mL and 
400 mL for test and control columns, respectively) was determined by measuring the volume of 
water during filling. 
 

Table 3. Composition of ground water sample collected from well PW-17 on April 14, 2004, and 
synthetic PW-17 water used in column test 3 (mg/L) 

 
Constituent or Parameter PW-17 Synthetic PW-17 

Sodium 140.00 141.53 
Potassium 27.00 26.93 
Calcium 300.00 298.66 

Magnesium 64.00 29.88 
Sulfate 730.00 748.41 

Chloride 81.00 87.31 
Nitrate 4.00 5.03 

Inorganic Carbon 65.00a 72.86 
Uraniumb 0.99 1.00 

Molybdenumb 0.087 1.00 
pH 7.00 7.00c 

aCalculated from alkalinity using geochemical program PHREEQC (Parkhurst and Appelo 1999). 
bTwo compositions of synthetic PW-17 water were used: one without U or Mo, and one that contained 1 mg/L each of 
U and Mo (see text). 
cVaried slightly with time, continually adjusted with CO2. 
 
 
3.4.2 Results and Discussion 

A 1.0 N NaOH solution was passed through the test column initially at a flow rate of 
8.8 mL/min. Because of the large amount of fine-grained sediment, the inlet pressure increased 
and we reduced the flow rate in several steps to a minimum of about 3 mL/min. The NaOH 
flowed from 0.0 to 1.7 pore volumes to condition the sediment at high pH. Effluent pH values 
reflect the high pH environment (Figure 9). The effluent from the NaOH injection was dark 
brown indicating the removal of significant concentrations of humic material from the sediment 
(Figure 8). Synthetic PW-17 water without U or Mo was then passed through the column from 
1.7 to 3.8 pore volumes. The purpose of the PW-17 water was to flush the tubing to prevent 
ferrous hydroxide from precipitating in the tubing during the ferrous sulfate injection. A 0.1 M 
ferrous sulfate solution was then passed through from 4.2 to 5.9 pore volumes, during which the 
effluent pH decreased to about 8 (Figure 9) and the ORP decreased to about –300 mV.  
 
Approximately 4300 mg of Fe was emplaced in the test column during ferrous sulfate injection, 
but some of this was removed by the flow of synthetic PW-17 (Figure 9). The inventory of Fe 
appears to have stabilized near 3000 mg after about 15 pore volumes. The solid-phase Fe is 
likely some form of ferrous hydroxide mineral. 
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Figure 8. Column Test 3. Experimental apparatus. Tubes in fraction collector contain effluent from the 
NaOH injection; note the deep brown color due to humic material. 

 
 
From 5.9 pore volumes through the termination of the test at 27.6 pore volumes, synthetic PW-
17 water containing 1 mg/L each of U and Mo was injected into the test column at a rate of 2.3 
mL/min. The same solution was passed through the control column at the same flow rate. In 
Figure 10, the effluent concentrations for the control column are plotted as if the injection of U-
bearing water began at 5.9 pore volumes so that results from the two columns can be directly 
compared. Breakthrough of U occurs almost immediately for the control column indicating that 
the untreated Monticello alluvium has little sorption capacity. The Fe2+ treated column was able 
to maintain the effluent U concentration at a value less than 50 µg/L for about 6 pore volumes 
before the concentration began to increase steadily. Thus, the addition of Fe2+ increased the 
sorption capacity of the alluvium for U. The increased sorption was more prevalent for Mo than 
for U. Effluent concentrations of Mo remained less than the detection limit of 0.12 mg/L for 
about 12 pore volumes of Mo-spiked influent; whereas, effluent Mo concentrations for the 
control column increased soon after injection. Adsorption densitised are approximately 0.8 mg U 
and 1.6 mg Mo per g of Fe. 
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Figure 9. Column Test 3. Effluent Fe concentrations, pH values, and Fe inventory in test column. The 

influent index indicates the composition of the influent solution for that period of the test column (1 = 1N 
NaOH, 2 = synthetic PW-17 without U or Mo, 3 = ferric sulfate solution, and 4 = synthetic PW-17 with 

U and Mo). 
 

 
Figure 10. Column Test 3. Effluent concentrations of U in test column and control column.  

Refer to Figure 9 for explanation of influent index. 
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Figure 11. Column Test 3. Effluent concentrations of Mo in test column and control column.  
Refer to Figure 9 for explanation of influent index. 

 
 

4.0 Conclusions 

Estimates of net present value for implementation of seven PRB mending technologies suggest 
that all seven are reasonably similar. Thus, if a technology is used at Monticello, the selection 
should be based more on the following issues than implementation cost: (1) likelihood of 
successful operation of the technology, (2) disruption to land owner and other stakeholder issues, 
and (3) ability to alter or amend the technology if unanticipated issues arise.  
 
All of the technologies evaluated, except Fe2+ injection, have been bench-scale tested. To fill this 
data gap, this project conducted batch and column tests of Fe2+ injection. The tests showed that 
solid phase Fe2+ can be emplaced into sediment that has been pretreated with hydroxyl ion. The 
addition of Fe2+ increased the sorption capacity of Monticello alluvium for both U and Mo. One 
possible drawback of the method is that the Fe2+ remains somewhat soluble and may transport 
long distances in the subsurface. Thus, controlling the location of the reactive zone may be 
problematic. 
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